It has previously been demonstrated that, during human cytomegalovirus infection, the viral IE2 86 and IE2 40 proteins are both important for the expression of an early-late viral protein, UL84. Here, we show that expression of the UL84 protein is enhanced upon cotransfection with either IE2 86 or IE2 40, although IE2 40 appears to play a more important role. The UL84 protein levels are tightly linked to the amount of IE2 40 present, but this does not appear to be true for IE2 86. RNA remains constant for all corresponding proteins, indicating posttranscriptional regulation of UL84. The first 105 amino acids of UL84 are necessary and sufficient for this phenotype, and this region is also required for an interaction with IE2 86 and IE2 40. Treatment with proteasome inhibitors shows that UL84 exhibits some proteasome-dependent degradation, and UL84 is not protected against this degradation when coexpressed with IE2 86 or IE2 40. UL84 also exhibits an inhibitory effect on IE2 86 and IE2 40 protein levels in these cotransfection assays. Further, we show that the amino acid sequence of UL84 is important for the enhancement governed by IE2 40. These results indicate that IE2 86, IE2 40, and UL84 serve to regulate protein expression in a posttranscriptional fashion and that this regulation is independent of other viral proteins.
Human cytomegalovirus (HCMV), a betaherpesvirus, is the leading viral cause of birth defects and poses a severe threat to immunocompromised individuals. It has a 240-kbp genome that includes at least 150 different open reading frames (ORFs), only a small portion of which have been well characterized. Gene expression occurs in a temporally controlled fashion, and genes are divided into three major classes: immediate-early (IE), early, and late genes (reviewed in reference 34). The IE genes serve to shut down host cell defenses and activate expression of early viral genes, while early and late genes serve primarily in viral replication and structure and assembly of the virus, respectively. Two major IE (MIE) gene products, IE1 72 and IE2 86, are encoded by the UL122-123 coding region. The IE2 86 protein is essential for viral replication and plays a role in transactivating viral early promoters, facilitating repression of its own promoter and regulating expression of many host cellular genes in order to allow proper progression of viral infection. IE1 72, while nonessential for infection at high multiplicity, has also been shown to be important for activating viral and cellular protein expression. Both proteins arise from the same primary transcript, which is alternatively spliced to produce exons 1 to 4 for IE1 72 and exons 1 to 3 and 5 for IE2 86.
Several functional roles have been ascribed to specific domains within IE2 86. DNA binding associated with transcriptional autorepression has been shown to involve amino acids (aa) 290 to 579, while the regions from aa 1 to 98 and 170 to 579 appear to be required for some transcriptional activation functions (7, 29, 33, 38, 47-49, 52, 67) . In addition, IE2 86 has been shown to interact with many cellular factors in vitro, but most of these have not been confirmed in the context of infection (for a review, see reference 12).
At late times in the infection, smaller RNAs arise from exon 5 of the IE2 86 gene and encode proteins IE2 60 and IE2 40. The IE2 60 (60-kDA) protein begins translation at methionine 170 of IE2 86, while the IE2 40 (40-kDA) protein initiates at methionine 242. The amino acid numbering system corresponds to the Towne strain of HCMV. A putative TATAA promoter sequence for the RNA specifying IE2 60 lies in the intron between exons 4 and 5, while the predicted promoter for the transcript yielding the IE2 40 protein (and some IE2 60 protein) is located just upstream of the IE2 60 translation initiation site. These proteins have previously been shown to have a role in the transactivation of late genes, as well as repression of the MIE promoter (24, 43, 62) . Our lab has extensively studied the roles of these two proteins, particularly at the later stages of infection. Loss of the IE2 60 and IE2 40 proteins was shown to alter the expression of both IE1 72 and IE2 86. We have also identified a role for the IE2 60 and IE2 40 proteins in the expression of two early-late viral proteins, UL83 (pp65) and UL84, and have documented that the loss of these smaller IE2 proteins results in a greater-than-10-fold reduction in viral titer (62) .
The regulation of UL84 by the IE2 family of proteins has been of great interest, as UL84 is the only viral protein that has been found to interact with IE2 86 and is the major protein in complex with IE2 86 during infection (10, 23, 41, 43, 50) . Low levels of UL84 are present at early times, and the abundance increases significantly after the onset of viral DNA replication (20) . UL84 has been shown to have a role in ori-Lyt-dependent replication and downregulation of IE2 86-dependent transactivation functions in transient transfection assays (16) and it is able to interact with the RNA stem-loop sequence within the RNA/DNA hybrid region of ori-Lyt (9) . UL84 has also been shown to have homology to the DExD/H box family of proteins and exhibits UTPase activity (11) . We have previously shown that UL84 interacts with IE2 86 throughout infection and that IE2 60 and IE2 40 can individually interact with UL84 (43) . Further, it has also been proposed that UL84 interacts with a number of other viral and cellular proteins during the course of infection (14) (15) 54) .
Using IE2 mutant viruses, we determined that loss of the IE2 60 and IE2 40 proteins resulted in a significant loss of UL84 protein expression, and this loss was shown to be posttranscriptional (43, 62) . Furthermore, a mutant virus containing a deletion of aa 136 to 290 of IE2 86 (termed IE2 ⌬SX), which also does not express IE2 60 or IE2 40, showed similar results (43) . In these studies, it was determined that IE2 40 played a more important role in governing UL84 expression at the later stages of infection, given that loss of IE2 40 alone resulted in a significant loss of UL84 (62) . Further characterization of the mechanism governing UL84 expression revealed that UL84 RNA could be exported to the cytoplasm and loaded onto the polyribosomes appropriately in IE2 ⌬SX mutant-infected cells. Analysis using proteasome inhibitors revealed that this loss of UL84 protein expression was proteasome independent, and the stability of the expressed protein was found to be similar to that of the protein expressed during wild-type (wt) HCMV infection (43) .
In this report, we have defined further the mechanisms governing UL84 and IE2 expression. The levels of the UL84 protein, but not RNA, are slightly upregulated when the protein is coexpressed with IE2 86 and much more significantly upregulated when it is coexpressed with IE2 40 in cotransfection assays. We show that the effect of the IE2 proteins on UL84 protein expression does not require other factors that are specific for the infection. The amount of UL84 protein that is expressed is directly dependent on the amount of IE2 40 protein present, although this is not true for IE2 86. Additionally, the expression of UL84 results in a decrease in the levels of the IE2 86 and IE2 40 proteins in these assays. The N-terminal region of UL84 (aa 1 to 105) is necessary and sufficient for the upregulation of UL84 protein expression mediated by the IE2 proteins. We find that UL84 stability is partially governed by the proteasome, but this is independent of the upregulation governed by the IE2 proteins, and the first 105 aa of UL84 are not sufficient. In addition, a protein-protein interaction is likely necessary for the observed effects of the IE2 proteins, given that the amino acid sequence of the N-terminal domain of UL84 is necessary for its binding to IE2 86 and IE2 40. Overall, we have identified important and novel roles for the IE2 family of proteins and have further characterized the unique mechanism by which UL84 expression is governed.
MATERIALS AND METHODS
Cell culture and 293FT transfections. 293FT cells were purchased and cultured according to the manufacturer's instructions (Invitrogen). Media were supplemented with 10% fetal bovine serum (Invitrogen), 2 mM L-glutamine, 50 mg/ml Geneticin (G418), 1 mM sodium pyruvate, and 10 mM nonessential amino acids (all supplements from Invitrogen). Cells were incubated at 37°C in 7% CO 2 . Twenty-four hours before transfection, cells were seeded in a 12-well plate at a density of approximately 80% confluence in media containing no G418. Immediately prior to transfection, 293FT cells were switched into Opti-MEM (800 l/well; Invitrogen). Cells were transfected using Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. DNA (1.6 g DNA/well; 0.8 g of each plasmid) was transfected into each well. Appropriate plasmid DNAs were premixed with Opti-MEM, and then Lipofectamine diluted in Opti-MEM was added. Samples were kept at room temperature for 20 min, and the entire reaction mixture was then added dropwise to the preseeded 293FT cells in Opti-MEM. The Lipofectamine-DNA mix (200 l) was allowed to incubate with the cells for 24 h, and the medium was then removed and replaced with Dulbecco's modified Eagle medium (DMEM) with no drugs. Twenty-four hours later (48 h posttransfection), cells were rinsed in phosphate-buffered saline (PBS), harvested, snap-frozen in liquid nitrogen, and maintained at Ϫ80°C until analysis. For the IE2 40 DNA titration experiment, the same protocol as described above was used, except the samples contained 0.8 g, 0.4 g, 0.2 g, or 0.05 g of the DNA encoding IE2 40. UL84 DNA concentrations were kept constant, and a control plasmid was added to ensure that the same amount of total DNA was added to each well.
Plasmid DNA construction. All primers and probes used in these cloning studies can be found in Table 1 . Plasmids pCDNA3-86F and pCDNA3-40HA have been previously described (42) . The original UL84 plasmid, pTARGET-UL84HA, was obtained from G. Pari (University of Nevada, Reno, NV). The UL84 gene coding region was removed from this vector using EcoRI sites that flanked either side of the gene, including the region encoding the hemagglutinin (HA) tag at the UL84 3Ј end, and then ligated into the vector pCDNA3 (Invitrogen) with the same sites. To make deletions and amino acid changes, QuikChange mutagenesis (Stratagene) was performed to create the following mutants in UL84: ⌬68, ⌬105, ⌬135, and ⌬200. The UL84 frameshift mutant was made by creating 4 different sequential amino acid changes that first shifted the ORF to the second possible ORF, followed by a change to the third ORF. Next, a newly created in-frame stop codon was changed to an alanine codon to allow The hybrid (Hyb) mutant was created using the primers described in Table 1 , and the technique was based on the protocol described in reference 17. The templates used in these studies included pCDNA3-UL84 and pCDNA3-UL44. pCDNA3-UL44 contains the region encoding UL44.
Quantitative real-time PCR and real-time RT-PCR. For the quantitative realtime PCR and real-time reverse transcription-PCR (RT-PCR) analyses, an aliquot of the same cells as those used for Western blot analysis was assayed for DNA and RNA, respectively. Following transfection and freezing of the cells, the DNA was prepared using the Invitrogen Miniprep kit or the Norgen RNA/DNA/ protein kit according to the manufacturer's instructions. Concentrations were determined by UV spectrophotometry. Quantitative real-time PCR analyses were performed as previously described (61, 63) using the TaqMan universal PCR master mix (Applied Biosystems), except that the primers and probes used in these analyses were different. In this case, primers and probes were directed against IE2 86 and IE2 40, UL84 (N terminus and C terminus), UL44, and the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) promoter (GAPDHP). The sequences for the primers and probes are listed in Table 2 .
For the real-time RT-PCR analyses, RNA was prepared from the same cells as those used for Western blot analyses at 48 h posttransfection (p.t.) using either the Norgen RNA/DNA/protein purification kit or the Ambion Paris kit according to the manufacturer's instructions. RNA was treated with DNase using the Ambion Turbo DNA-free kit according to the manufacturer's instructions and then quantified using UV spectrophotometry. Samples were diluted to 12.5 ng/l and analyzed using the same machine as used for DNA quantification (Applied Biosystems; ABI Prism 7000). The real-time RT-PCRs were carried out using the TaqMan one-step RT-PCR master mix reagents (Applied Biosystems) as previously described (61, 63) and primers and probes against the UL84 (5Ј and 3Ј ends), UL44, IE2, and glucose-6-phosphate dehydrogenase (G6PD) genes (listed in Table 2 ).
Western blot analyses. Transfected cells that had been stored at Ϫ80°C were lysed in reducing sample buffer as previously described (43) , or protein was prepared using the Norgen RNA/DNA/protein purification kit according to the manufacturer's instructions. Lysates were run on an 8 or 10% acrylamide gel and then transferred to a nitrocellulose membrane. Membranes were blocked in 5% milk in Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and probed with the following antibodies: IE2 monoclonal antibody (MAb) 8140 (Chemicon), UL84 MAb (Virusys), HA F-7 MAb (Santa Cruz Biotechnology), UL44 MAb (Virusys), and actin MAb (Sigma-Aldrich). Horseradish peroxidase-coupled anti-mouse IgG antibody was obtained from Calbiochem. Following secondary antibody incubation and washes, proteins were detected with SuperSignal chemiluminescent substrate (Pierce Biotechnology) according to the manufacturer's instructions.
Immunoprecipitations. Transfected 293FT cells were lysed in a modified immunoprecipitation buffer containing 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM dithiothreitol (DTT), 150 mM NaCl, 1% Triton X-100, and a protease inhibitor cocktail (Sigma-Aldrich) for 30 min on ice. Lysed cells were centrifuged at 10,000 ϫ g for 10 min at 4°C to remove cellular debris, and the lysate was allowed to incubate and rotate overnight at 4°C with Protein G-Plus agarose beads (Santa Cruz Biotechnology) coupled with the IE2 antibody that recognizes IE2 86 and IE2 40 or an antibody that recognizes an HA tag (clone F-7; Santa Cruz Biotechnology). The following day, the agarose beads were washed twice with the same buffer that was used for lysis, resuspended in the same reducing sample buffer used for Western blotting, and heated to 95°C. Following centrifugation, the supernatant containing the immunoprecipitated proteins was collected. An aliquot of the sample was taken before immunoprecipitation. This fraction was assessed to determine the amount of protein present before the immunoprecipitation and represents 10% of the sample that was used for immunoprecipitation. All immunoprecipitations were analyzed by Western blotting to determine that the appropriate complexes had been pulled down and to assess which proteins were capable of interaction.
Proteasome inhibitor treatment. 293FT cells were cultured as described above and seeded as for transfection. At 36 h p.t., cells were treated with 10 M MG132 (Calbiochem) for 12 h and then harvested at 48 h p.t. Cells were processed for Western blot analysis as described above. Two other proteasome inhibitors were tested, salinosporamide (Sal A) and lactacystin, in order to confirm the results with MG132. Sal A was used at 100 nM and was a gift from Bradley Moore (Scripps Institute of Oceanography, University of California, San Diego), while lactacystin was used at 10 M and was obtained from Calbiochem. Dimethyl sulfoxide (DMSO) was used as a vehicle-only control.
RESULTS

UL84 protein expression is enhanced when the protein is coexpressed with IE2 86 or IE2 40.
Studies with IE2 mutant viruses previously revealed that the expression of UL84 is tightly linked to the presence of the IE2 86, IE2 60, and, most predominantly, IE2 40 proteins (43, 62) . Enhancement of UL84 expression during infection was shown to occur at the posttranscriptional level and was not due to inefficient loading of the UL84 RNA onto polyribosomes (43) . These data directed our studies to ascertain whether this type of regulation could occur independent of infection and to further delineate the roles of the IE2 proteins in regard to UL84 expression.
To determine whether the IE2 proteins were capable of upregulating the expression of UL84 in the absence of any other viral proteins or infection-specific cellular modifications, 293FT cells were transfected with plasmids encoding the IE2 86, IE2 40, and UL84 proteins. These plasmids were either singly transfected or cotransfected (IE2 86 or IE2 40 plus UL84), and then at 48 h posttransfection (p.t.) cells were harvested and assayed for DNA, RNA, and protein expression. In the case of the singly transfected samples, the quantity of transfected DNA was normalized to the cotransfected samples by adding empty plasmid DNA so that each of the cell cultures received the same amount of DNA. All of the analyses were also repeated in COS-7, U373, and HEK-293 cells to assure that expression patterns were not cell type specific. In all cases, each cell type showed expression patterns similar to those seen in the 293FT cells. Only the experiments in the 293FT cells are shown.
When protein expression was analyzed by Western blotting, significant differences were observed in cotransfected cells (Fig. 1A) . The levels of UL84 protein were very low when UL84 was expressed alone and increased slightly when it was coexpressed with IE2 86. However, the levels were greatly enhanced when it was coexpressed with IE2 40. These results are consistent with previous data showing that loss of IE2 40 during infection results in significantly reduced levels of UL84 protein (62) . These experiments clearly demonstrate that UL84 expression is somewhat influenced by the presence of IE2 86, but coexpression with IE2 40 appears to have a greater effect. The levels of the IE2 proteins were also assayed. Each migrated at the appropriate size, although the IE2 40 protein accumulated to slightly higher levels than IE2 86. Interestingly, the levels of each of these proteins were found to be significantly reduced when the proteins were coexpressed with UL84 (Fig. 1A) . Despite the fact that the UL84 protein levels were different, both IE2 proteins were reduced to similar degrees, indicating that the amount of UL84 protein present does not significantly influence this phenotype.
To rule out the possibility that the effects on protein expression were due to DNA transfection efficiency or different levels of mRNA, the amounts of transfected DNA and RNA present in each transfected sample were analyzed by either quantitative real-time PCR or quantitative real-time RT-PCR, respectively. In each case, whether the DNA was singly transfected or cotransfected, the amounts of IE2 86 and IE2 40 DNA were found to be comparable across samples (Fig. 1B) . This was true for the multiple assays that were performed during these studies. Similarly, UL84 DNA in these samples remained constant, whether transfected with IE2 86 or IE2 40 DNA or the control plasmid. When the levels of the transfected RNA were assessed, each of these samples was also found to have relatively equivalent amounts of IE2 86 and IE2 40 RNA, although the levels of the IE2 40 RNA were slightly higher than IE2 86 RNA levels. Similar to what was observed during infection, despite the increase in protein levels for UL84, RNA levels remained relatively unaffected when coexpressed with either of the IE2 plasmids (Fig. 1C) .
To determine whether cellular processes were necessary to facilitate this regulation, in vitro transcription-translation reactions were conducted in which UL84 and either IE2 40 or IE2 86 were transcribed and translated in the same reaction or IE2 40 or IE2 86 protein was synthesized first and then added to the UL84 in vitro transcription-translation reaction. In no sample was enhancement of UL84 protein expression observed. This suggests that some cellular modifications or processes are necessary for the regulation seen during the cotransfection and infection experiments (data not shown) or that this system is simply not sufficient to recapitulate the phenotypes observed in transfected cells.
UL84 protein expression is dependent on the amount of IE2 40 present. To determine how the regulation of UL84 protein expression might be related to the amount of IE2 40 protein present in the cells, the amount of transfected IE2 40 plasmid was incrementally decreased while the UL84 plasmid concentration remained constant. Starting with 0.8 g of IE2 40 plasmid, DNA was decreased to 0.4, 0.2, and 0.05 g, while 0.8 g of UL84 DNA was used for all samples. Analysis of both the DNA and RNA levels by quantitative real-time PCR and quantitative real-time RT-PCR, respectively, revealed appropriate reduction of the IE2 40 plasmid ( Fig. 2A and B) . The amount of IE2 40 RNA expressed was also proportional to the amount of input DNA (Fig. 2B) . In all cases, however, the amounts of IE2 DNAs were assayed using a primer and probe directed against the 3Ј end of the IE2 86 gene, thus recognizing both forms of the IE2 constructs. UL84 DNA levels were also assayed alone or in combination with the IE2 constructs using primers and a probe that recognize the N terminus of UL84. Samples were tested in duplicate in each experiment, and the graphs shown are averages of 3 experiments. DNA for each sample was normalized to the cellular GAPDH promoter as a control for the amount of input DNA in each reaction. Fig. 2A and B) . In contrast, expression of UL84 protein was directly correlated with the amount of IE2 40 protein that was present. Samples that contained the most IE2 40 protein also expressed the most UL84 protein, and the levels of the UL84 protein were coordinately reduced as the levels of IE2 40 declined, as measured with an antibody recognizing UL84 or the HA tag on the UL84 protein (Fig. 2C, left) . Similar experiments were conducted with decreasing amounts of IE2 86 plasmid; however, these data indicated that UL84 expression is not directly linked to the amount of IE2 86 protein present in the sample. In this case, UL84 expression remained slightly increased compared to that in the sample with UL84 transfected alone, even when the amount of IE2 86 was decreased over 20-fold (Fig.  2C, right) . The IE2 86 protein levels dropped below the level of detection on the exposure shown but can be seen upon very long exposure of the blot (data not shown). These data indicate that IE2 86 likely regulates UL84 protein expression in a different manner than IE2 40 and that the levels of UL84 protein are more directly linked to the expression of the IE2 40 protein than to that of the IE2 86 protein.
Deletions within the UL84 sequence affect expression of the protein and its enhancement by the IE2 proteins. To determine which domains of UL84 were important for the enhanced protein levels, deletions throughout UL84 were created. Specific domains were chosen based on previous studies suggesting that the first 105 aa of UL84 were important for an interaction with IE2 86 (16) . Based on these data, we constructed UL84 mutants that lacked either the first 68 (⌬68), 105 (⌬105), 135 (⌬135), or 200 (⌬200) aa (Fig. 3A) . Each of the mutant constructs was confirmed by sequencing and tested for expression in 293FT cells to ensure that the protein was produced and that the size of each protein was as expected (data not shown; Fig. 3B ).
The relative expression of each of the UL84 mutants transfected singly and in combination with either IE2 86 or IE2 40 was analyzed by Western blotting. Interestingly, when the UL84 mutants were expressed alone, we observed an increase in the accumulation of the protein as the N-terminal region was deleted (Fig. 3B) . Removal of the first 68 aa resulted in a slight enhancement of protein expression, while deletion of the first 105 aa was associated with a significant increase in mutant protein level. Larger N-terminal deletions of 135 or 200 aa did on September 23, 2017 by guest http://jvi.asm.org/ not lead to an additional increase in UL84 protein above that observed with the UL84 mutant missing the first 105 aa. However, the increased level of the mutant UL84 proteins when they were expressed alone was still lower than the level observed when wt UL84 was cotransfected with IE2 40 (Fig. 3B) . Expression of the UL84 mutant protein with the 68-aa Nterminal deletion was also significantly enhanced when the mutant was coexpressed with IE2 86 or IE2 40, but cotransfection of IE2 86 or IE2 40 did not increase the level of the UL84 mutant protein missing the first 105 aa above that observed when the mutant was singly transfected. As noted above, the levels of the IE2 86 and IE2 40 proteins were lower when the proteins were coexpressed with wt UL84. Interestingly, the mutant with a deletion of the first 105 aa was unable to inhibit IE2 86 or IE2 40 protein expression, indicating that this N-terminal domain is also important for the inhibitory effect on the IE2 proteins. Deletion of the first 135 or 200 aa showed results similar to those for deletion of the first 105 aa (Fig. 3B) .
To determine whether the RNAs for each of these samples remained constant when coexpressed, RNA was quantified by real-time RT-PCR analyses (Fig. 3C) . As before, no significant difference in the amounts of UL84 RNA in the samples was observed. Coexpression with either IE2 86 or IE2 40 did not affect the levels of UL84 RNA for either the ⌬68 or the ⌬105 mutant. The RNA levels for the mutants ⌬135 and ⌬200 remained unchanged as well (data not shown). The expression of the IE2 86 or IE2 40 RNAs also was not affected by the presence of either the ⌬68 or ⌬105 mutant, indicating that regulation of the protein levels occurred posttranscriptionally.
Interaction of UL84 with IE2 86 and IE2 40 is dependent on the first 105 aa of UL84. Since UL84 has previously been shown to bind to IE2 86 and IE2 40 (10, 43, 50) and since the above deletion analysis revealed differences in the relative enhancement of the UL84 mutant protein levels when the proteins were coexpressed with IE2 86 or IE2 40, the interaction between the UL84 mutant proteins and IE2 proteins was measured. 293FT cells were singly transfected or cotransfected with plasmids, and the UL84 mutant proteins were then assayed for formation of complexes with the IE2 proteins 48 h later. Cells were harvested, snap-frozen in liquid nitrogen, and then lysed and subjected to immunoprecipitation using an antibody that recognizes IE2 86 and IE2 40 coupled to agarose beads. Following immunoprecipitation, Western blot analyses were conducted for each of the transfected proteins. Relative expression of the UL84 protein before immunoprecipitation can be observed (Fig. 4, Pre lanes) . Similar to previous results, the amount of UL84 protein increased as the N-terminal domain was removed. The deletion of aa 1 to 68 of UL84 resulted in a slight reduction in its interaction with IE2 86 or IE2 40, but the efficiency of complex formation was still significant. The deletion of aa 1 to 105 of UL84, however, resulted in complete (Fig. 4 , IP lanes). These data indicate that the first 105 aa of UL84 are involved in the interaction with both IE2 proteins. UL84 protein is sensitive to proteasomal degradation, independent of the presence of the IE2 proteins. To assess whether the lack of UL84 expression when it was transfected alone in 293FT cells was due to proteasomal degradation, transfected cells were treated with the proteasome inhibitors lactacystin, MG132, and Sal A. Relative expression patterns described above ( Fig. 3 and 4) were maintained in all experiments. All proteasome inhibitors showed the same results, and therefore only the results with MG132 are shown here. Treatment of singly transfected cells with MG132 for 12 h prior to harvest resulted in increased levels of UL84 protein (Fig. 5) . However, the UL84 levels in the presence of the proteasome inhibitor were still significantly lower than the levels of UL84 coexpressed with IE2 40 in the absence of the inhibitor. This was also true for the deletion mutants ⌬68 and ⌬105. Interestingly, the levels of the UL84 protein also increased when it was coexpressed with either of the IE2 proteins in the presence of MG132, although the relative increase was slightly less. These data indicate that the IE2 proteins provide some protection from degradation, but they are not sufficient to prevent this degradation entirely. In contrast to that of UL84, the levels of IE2 86 and IE2 40, either alone or in combination with UL84, were not affected by the presence of the proteasome inhibitor, indicating that the IE2 proteins were not subject to proteasome degradation during this period of time.
The first 105 aa of UL84 are sufficient for enhanced expression from the IE2 proteins. Given that the first 105 aa of UL84 were important for the binding of UL84 to the IE2 proteins as well as the enhanced levels of UL84 when coexpressed with the IE2 proteins, we next tested whether this UL84 domain was sufficient for enhanced expression when the protein was coexpressed with IE2 86 or IE2 40. To assess this, the first 105 aa were cloned onto the N terminus of another HCMV viral protein, UL44 (Fig. 6A) . This protein was termed UL44-84 Hyb (Hyb). As before, transfections were conducted in 293FT cells, and the samples were analyzed for protein expression. As a control, IE2 86 and IE2 40 were cotransfected with UL44 to determine if they could enhance the expression of UL44 in the same way as UL84. Coexpression of IE2 86 or IE2 40 with UL44 had no effect on UL44 protein levels (Fig. 6A) . However, when IE2 40 or IE2 86 was cotransfected with the UL44-84 Hyb plasmid, significant increases in hybrid protein expression were observed compared to results for the singly transfected plasmid (Fig. 6A) . This protein can be detected with either an antibody recognizing the first 105 aa of UL84 or an antibody recognizing UL44. Expression of the hybrid protein did not inhibit expression of IE2 86 or IE2 40, indicating that although the first 105 aa of UL84 are sufficient for enhanced expression by the IE2 proteins, they are not sufficient for mediating the decrease in IE2 protein expression.
To test whether the Hyb protein was also subject to proteasomal degradation, as observed for the full-length UL84 protein, the levels of the Hyb protein were measured after treatment of the transfected cells with the proteasome inhibitors MG132 and lactacystin (only MG132 is shown). Cells were maintained in media with the inhibitor for 12 h prior to harvest (36 to 48 h p.t.), and the samples were assessed for protein content by Western blot analysis. As a control, wt UL84 was analyzed to ensure that the proteasome treatment was effective (Fig. 6B) . Expression of UL44 transfected alone was also assessed with or without proteasome inhibition, and no difference in expression between the two samples was seen. In contrast to results for the full-length UL84 protein, changes in the levels of the Hyb protein were not detected in the presence of the proteasome inhibitors, suggesting that the first 105 aa of UL84 alone are likely not sufficient for targeting the protein to the proteasome for degradation in the transfected cells. Again, expression of IE2 86 and IE2 40 remained unaffected by inhibition of the proteasome.
The RNA for each of the above samples was analyzed in multiple experiments using quantitative real-time RT-PCR (Fig. 6C) . The IE2 86 and IE2 40 RNAs showed no difference in expression when cotransfected with the UL44 or UL44-84 Hyb plasmid. Similarly, the amounts of Hyb and UL44 RNA were analyzed. In each case, no differences in the levels of RNA were observed when either Hyb or UL44 was cotransfected with IE2 86 or IE2 40, further confirming the previous   FIG. 4 . The first 105 aa of UL84 are important for interaction with IE2 86 and IE2 40. wt UL84 and each of the N-terminal mutants, ⌬68 (68) and ⌬105 (105), were assayed for their interaction with both IE2 86 and IE2 40 using immunoprecipitation assays as described in Materials and Methods. Expression of each of the proteins was analyzed before immunoprecipitation (Pre) in order to assess the relative expression levels. Following immunoprecipitation, the complexes were eluted from the agarose beads and subjected to Western blot analysis. Results are shown in the immunoprecipitation (IP) lanes. Antibodies to UL84 (wt and mutants), IE2 86, and IE2 40 were used in the analysis. The Pre samples are 10% of the sample used for IP. We did note in the above studies, however, that the levels of the Hyb protein were significantly lower than the levels of the UL44 protein in the transfected cells. To determine whether this was due to differential RNA expression, we compared the levels of the Hyb RNA, UL84 RNA, and UL44 RNA. This was accomplished using 2 sets of primers and probes, one specific for the UL84 sequence and the other specific for the UL44 sequence present in the hybrid (Fig. 7) . Interestingly, we observed a 6-to 8-fold decrease in the amount of Hyb RNA produced in the transfected cells compared to UL44 RNA. In contrast, the amount of Hyb RNA was comparable to that of wt UL84 RNA. This difference in RNA expression likely explains the difference in UL44 and Hyb protein levels.
The UL84 amino acid sequence is important for the enhancement governed by IE2 40. Since the enhancement by IE2 40 appeared to be at the level of protein synthesis, it was possible that the structure of the RNA encoding the aminoterminal 105 aa of UL84 rather than the amino acid sequence itself was involved. To address this question, we constructed a UL84 mutant that maintained the same RNA sequence (except for the minimal number of base changes required to create the mutant) but encoded a protein with a different Interactions between each of the proteins assessed in panels B and C were measured using immunoprecipitation assays. Antibody specific for IE2 86 and IE2 40 was coupled to agarose beads, and then transfected samples were subjected to immunoprecipitation with the IE2-coupled beads. The amount of protein present before the immunoprecipitation is shown (Pre), followed by the amount of protein that was pulled down in the immunoprecipitation (IP). (Fig. 8B ). Next, the protein level for each sample was analyzed (Fig.  8C) . The UL84 and FS protein levels were measured by Western blotting with an antibody that was specific for a region downstream of aa 176, thus recognizing both proteins. The amounts of IE2 86 and IE2 40 protein were measured with an antibody that was directed against the common C-terminal region. As before, UL84 protein expression was enhanced slightly when the protein was cotransfected with IE2 86, although this effect again was minimal compared to the significant enhancement governed by IE2 40. The levels of the FS mutant protein alone were slightly lower than that of wt UL84. However, when the FS mutant was cotransfected with either IE2 86 or IE2 40, no enhancement of the protein was detected. These data indicate that the low levels of UL84 protein when expressed alone are not solely due to the first 175 aa of UL84, but this protein sequence is important for IE2 40-mediated enhancement of UL84. The amounts of IE2 86 and IE2 40 protein were also assessed. As before, IE2 86 and IE2 40 protein expression was repressed when they were coexpressed with UL84 (Fig. 8C) . However, expression of IE2 86 and IE2 40 when they were cotransfected with FS did not show any inhibition.
To determine whether IE2 86 and IE2 40 could form a complex with the FS mutant, we performed coimmunoprecipitation experiments as described for Fig. 4 (Fig. 8D) . As expected, UL84 bound efficiently to IE2 86 and IE2 40 (see IP lanes). However, the FS mutant was unable to form a complex with either IE2 86 or IE2 40. Although we could not rule out that the small number of base changes made in the FS mutant RNA influenced the structure of the RNA, it is highly unlikely that these changes were responsible for the differences seen in the protein expression and binding experiments. Taken together, these studies strongly support the conclusion that the N-terminal amino acid sequence of UL84 is important for enhanced expression of UL84 by the IE2 proteins, which is likely mediated by direct binding of this region to the IE2 proteins.
DISCUSSION
Many functions have been ascribed to the MIE proteins during HCMV infection. It is known that IE1 72 and IE2 86 serve in shutting down host defenses immediately upon infection and play a role in dysregulating the cell cycle and interfering with apoptosis (5, 30, 36, 65, 66, 69) . IE2 86 also regulates the expression of many cellular and viral transcripts throughout infection (for reviews, see references 12, 34, and 53). Much of the regulation governed by IE2 86 is thought to be controlled by protein-protein interactions, given the vast number of proteins that IE2 86 has been shown to bind to (2, 4, 6-8, 13, 18, 19, 21, 22, 25, 26, 28, 31, 32, 46, 48-51, 60, 68) . Although IE2 86 has been extensively studied, the functions of the two early-late proteins (IE2 60 and IE2 40) that arise from the C-terminal half of IE2 86 remain less well understood. In previous studies, our lab has shown that IE2 60 and IE2 40 are important for the late stages of viral infection, impacting the expression of several viral early-late proteins. While regulation of other early-late proteins (for instance, UL83) was shown be transcriptional, the regulation of one particular early-late protein, UL84, was shown to be posttranscriptional (42, 43, 62) .
UL84 has been shown to be important for ori-Lyt-dependent DNA replication and can downregulate the ability of IE2 86 to activate some early promoters in transient assays (16, 37) . In addition, UL84 is the only other viral protein that IE2 86 has been shown to interact with to date, and our previous studies demonstrated that IE2 60 and IE2 40 have the ability to interact with UL84 individually, independent of IE2 86. Infection with recombinant mutant viruses that did not express the IE2 60 and IE2 40 proteins resulted in a significant decrease in UL84 protein, but not RNA, expression. In these studies, IE2 40 was found to be more important for regulating UL84 protein expression (43, 62) . The effects of the IE2 proteins on both viral and cellular transcription have been studied extensively, but it is important to understand the other potential roles these proteins may play in regard to regulating protein expression.
The current studies demonstrate that the posttranscriptional regulation of UL84 by IE2 40 can occur in the absence of other viral proteins. Similar to what occurs during infection, IE2 86 is able to enhance the expression of UL84 protein to some degree, while the levels of UL84 markedly increase when it is coexpressed with IE2 40. This regulation is associated with the amount of IE2 40 present, given that a decrease in IE2 40 results in a concomitant loss of UL84 protein expression. These data indicate that the increased levels of UL84 protein in the context of infection, particularly at later times, as well as independent of infection, are tightly coupled to the expression of the IE2 40 protein, and this may be one way that HCMV facilitates temporal regulation of protein expression. IE2 60 may have the ability to facilitate the same type of regulation, although previous studies showed that loss of IE2 60 alone did not result in a loss of UL84 protein expression during infection (62) . Given that aberrant expression of many HCMV proteins has been shown to be detrimental to infection, this mechanism of control may be advantageous to the virus for achieving finely tuned protein levels. Moreover, it has been demonstrated that IE2 86 has the potential to interact with multiple cellular proteins, and for the majority of these proteins, the interacting domain is also present in IE2 40. Thus, a key question to be addressed is whether the IE2 gene products also regulate the expression of any of these cellular proteins at a translational level.
In this study, we have further defined the domains of UL84 that are necessary for the IE2 40-mediated enhancement of the protein level. We show that the N-terminal 105 aa of UL84 are important for the interaction with IE2 86 and IE2 40, and deletion of the region encoding these amino acids results in loss of the enhancement by IE2 86 and IE2 40. Although the data suggested that a protein-protein interaction was required, it was important to address the issue of whether the UL84 RNA was sufficient to facilitate this enhancement or if the (43), it is likely that this interaction is necessary for maintenance of UL84 protein levels. We do not know yet whether IE2 40 first interacts with UL84 as the protein is being synthesized and cannot exclude the possibility that IE2 40 serves to remove or displace a translational repressor or acts as a translational enhancer, possibly to relieve translational pausing. The question of whether the interaction of IE2 40 and UL84 occurs cotranslationally on the ribosome is an important one, and studies are in progress to determine if this is the case.
One difference between the infection and transfection studies was that UL84 appeared to be more sensitive to proteasomal degradation in the transient assays (43) . Although there are many explanations for this observation, one possibility is that, during viral infection, the ubiquitin-proteasome degradation pathway that can target UL84 has been compromised or altered. Our lab and others have shown that HCMV replication requires that the proteasome remain active throughout infection (27, 39, 40, 56 ). Yet, the anaphase-promoting complex (APC) E3 ubiquitin ligase is specifically disabled during infection, allowing stabilization of its target proteins (55, 64) . Although we do not have direct evidence that UL84 can be a target of the APC, it does have a consensus APC D-box degradation signal beginning at aa 183 (RGILCVVSN). In the cotransfection studies, the presence of IE2 40 (or IE2 86) was not sufficient to protect UL84 from proteasomal degradation. However, it is important to note that the enhancement of the UL84 levels by IE2 40 was still significantly greater than that provided by inhibition of the proteasome in cells transfected only with UL84. It is possible that IE2 86 and IE2 40 aid in the protection of UL84 from proteasomal degradation to some degree, but these experiments suggest that this is not the sole method by which UL84 protein expression and stability are governed.
UL84 has been shown to interact with a number of other cellular proteins that may have some importance in the mechanisms observed in these studies. For instance, UL84 has recently been shown to interact with the ubiquitin-conjugating E2 enzyme, ribosomal protein P0, casein kinase II, and p32 (14) . It is possible that one or more of these proteins facilitate the mechanisms identified in these studies or that one or more cellular proteins aid in the regulation governed by the IE2 proteins.
Many other viruses utilize mechanisms of posttranscriptional regulation to mediate proper expression of both viral and cellular proteins throughout infection (1, 3, 35, 44, 45, (57) (58) (59) . These mechanisms likely serve to provide multiple levels of control of viral and cellular expression patterns, making the environment most favorable for productive viral infection.
